Abstract: Endoscopic vitrectomy is a useful and unique adjunct to microincision vitreoretinal surgery. The optical properties of endoscopy allow for some clinically advantageous approaches that are not possible with regular microscope viewing systems, namely, the ability to both bypass optically significant anterior segment opacities and directly visualize difficult-to-access retroirideal, retrolental, and anterior retinal structures in their natural anatomical configuration. The surgical benefits include improved surgical access to the pars plana, pars plicata, ciliary sulcus, ciliary body, and peripheral lens, along with unique access to anterior traction in complex pediatric anterior retinal detachments, particularly in retinopathy of prematurity. This review will focus on the development and surgical utility of intraocular endoscopy, provide an update on its current uses in the era of microincision vitreoretinal surgery, and highlight its role in pediatric vitreoretinal diseases.
T he intraocular endoscope is a useful tool in microincision vitrectomy surgery due to clinically relevant optical properties that are exclusive to endoscopy. The optical perspective that it offers to the surgeon is unique and as we learn, develop, and optimize the technology, the role of endoscopy as part of the surgical armamentarium is constantly being expanded and improved. In pediatric retinal disease, there is a range of pathology that, in our experience, may be more optimally managed with endoscopic visualization. In particular, in complex retinopathy of prematurity (ROP) tractional retinal detachments (TRD), the very anterior and often retrolental traction lends itself to the endoscopic approach where lens-sparing surgery and visualization of traction is optimized in these high risk and smaller infantile eyes.
THE USE OF ENDOSCOPY IN VITRECTOMY Development
The earliest use of an ophthalmic endoscope was in 1934 by Thorpe. 1 It utilized an integrated forceps and was used for the removal of an intraocular foreign body. However, it still required a separate illumination source. The first illuminated endoscope was described in 1945. 2 The shaft was large, measuring 6.5 mm, and had to be inserted into the globe through 8-mm incisions. An eyepiece was attached to the other end for direct monocular viewing. In 1978, Norris and Cleasby 3 developed a 1.7-mm diameter rigid endoscope for endoscopic intraocular and orbital surgery (approximately 13 to 14 gauge). By 1990, videoendoscopes or ophthalmoendoscopes were developed for vitreoretinal surgery. 4, 5 This was the direct modern ancestor of our current devices, with the projection of the intraocular view onto an external electronic monitor. In one of the earliest case series, Volkov et al 4 described the utility of endoscopic vitrectomy in bypassing anterior segment diseases like corneal and lens opacities.
How Does It Work?
The underlying principle of the endoscope is that it acts as an optical conduit, capturing light through an objective lens at its distal end within the human body and transferring the image through an image relay system, which is then viewed by the operator or surgeon. There are 2 different ophthalmic endoscope designs, the principal difference of which lies in the image relay system. Firstly, GRIN, or gradient index lens systems, uses a shorter rigid housing. This has the option of an eyepiece instead of a camera at its proximal end for direct viewing. The GRIN system transmits more light and has a higher image quality but is handicapped by the limited intraoperative maneuverability and field of view. Secondly, flexible fiberoptic systems have significant advantages of smaller diameter instruments and longer flexible fibers, culminating in greater maneuverability, and are thus much more widely used. 6, 7 
Current Technology
The Endo Optiks (E2 and E4 models) Ophthalmic Laser Endoscopy system (Beaver Visitec, Waltham, MA) is the most widely used system today. It incorporates a "triple-function" system, which provides high-resolution video imaging, wide-field illumination (175 or 300 watt xenon light source), and an integrated diode laser (810 nm) for treatment of glaucoma or retinal diseases. 8 The endoscope probe is available in 19-gauge, 20-gauge, and 23-gauge sizes, with the 23g fitting through a standard microincision vitrectomy surgery microcannula. The largest 19g probe has the widest field of view, the highest illumination, and resolution with 70% more pixels than the 23g endoscope (Table 1) . 6 Over the past decade, microincision vitrectomy surgery has evolved to smaller gauges (23g and 25g) with the benefits of reduced surgical time, reduced postoperative inflammation, and improved recovery, although reduced illumination and excessive instrument flex can be an issue in the smallest 27g. 9 When it comes to endoscopic vitrectomy, in the more common pathologies such as trauma, endophthalmitis, and rhegmatogenous 
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retinal detachments, 23g endoscopy works well through a regular 23g microcannula, allowing for sufficient resolution and field of view. 6, 10, 11 On the other hand, in more complex pediatric vitreoretinopathies where the dissection of anterior membranes is riskier and more challenging, the authors feel that the 19g endoscope with its higher resolution and increased light output enables more precise and effective tissue dissection, outweighing the larger incision size. In most pediatric vitrectomy surgeries, regardless of vitrectomy gauge, suturing of sclerotomy is typically necessary and recommended, thus having 1 larger 19g port is not a significant disadvantage.
Future Development
Future possible developments in endoscopic technology include significantly higher resolution 23g probes that exceed current 19g endoscopes, single-use devices, stereopsis combined with 3-dimensional (3D) heads-up microscope displays, and incorporation of additional functions such as optical coherence tomography.
WHAT'S UNIQUE ABOUT ENDOSCOPIC VITRECTOMY? Circumventing Anterior Segment Opacities
The surgeon's view through the endoscope comes from where its tip is positioned inside the eye, thus bypassing any opacity that is significant enough to prevent an adequate surgical view. 12, 13 Chun et al 14 showed in their comparative study how endoscopy is favorable when compared with a temporary keratoprosthesis in cases of severe ocular trauma where there is inadequate microscope view through the anterior segment, with improvements in time to surgery (median reduction, 24 days) and a reduced likelihood of progression to retinal detachment by the time of primary surgery. In cases where anterior segment opacities are not just hampering the surgical approach but actually delaying the diagnosis and hence prognosis, endoscopy is a useful option. In a prospective, interventional case series by Reddy et al, 15 they evaluated the role of diagnostic endoscopy and found that in 62/64 eyes that had corneal opacification, videoendoscopy was determined as "contributory." The contribution as such was either 1) when it was utilized surgically, in an endoscopic vitreoretinal procedure itself or 2) when used diagnostically, to determine the visual prognosis and thus enhancing the surgical decision-making process (ie, good enough visual potential to support more interventions or poor enough to confirm futility). Ozgunul et al 16 described an interesting combined approach of vitrectomy and implantation of a glaucoma drainage device (GDD) for complex glaucomas in children. In infantile cases where corneal opacification can be a feature precluding any useful view of the fundus, the endoscope was a useful tool allowing the surgeon to visualize the posterior segment and implant a GDD more reliably to reduce intraocular pressure. Traditionally, this would have been impossible to do.
Unique Anterior Access
Pediatric retinal diseases like ROP TRD, familial exudative vitreoretinopathy (FEVR), and persistent fetal vasculature (PFV) often have anterior traction or retinal detachment with proliferation toward very anterior structures like the iris, lens, and pars plicata/plana. 17 With a regular microscope viewing system, it is not possible to view the full extent of these anterior structures due to limitations of the optics of the patient's eye ( Fig. 1) , let alone try to dissect the tissues and confidently avoid iatrogenic surgical trauma. Endoscopy allows for undistorted and unobstructed views of the retroirideal and retrolental space, optimizing surgical dissection of membranes and vitreous.
Secondary cataract after lens-sparing vitrectomy for ROP TRD has been reported to be in the range of 5.6% to 19% (mean follow-up, 32 months to 67 months, respectively). 18, 19 Cataract is purported to develop as a result of lens-retina approximation, instrument-lens touch, chemical changes induced as a result of vitreous surgery, or due to the tamponade agents used. 19, 20 Endoscopic vitrectomy provides a unique internal view ( Fig. 1 ) of the position of the lens relative to the instruments, thereby reducing the risk of inadvertent lens touch or trauma.
With the standard microscope approach, primary lensectomy is required in up to 57% of ROP TRD as the only means to enable safe access to the posterior segment through corneal limbal incisions, avoiding the risk of iatrogenic retinal trauma during pars plicata sclerotomies in the presence of very anterior TRD. 21 However, secondary aphakia significantly increases long-term comorbidity, including a 20% glaucoma risk 22 and amblyopia. Endoscopy, with the unique surgeon's perspective (see below) and direct anterior visualization of the pars plicata, enables direct internal guidance of safer sclerotomy, significantly reducing the need for primary lensectomy. Thus, in contrast to a primary lensectomy rate of up to 57% 21 with a standard microscope approach, a recent endoscopic vitrectomy study of 51 consecutive ROP TRDs (stage 4A and 4B) in a national study in the United Kingdom demonstrated 0% primary lensectomy. 23 
Surgeon's Perspective
The standard microscope approach is a top-down view (with a contact or noncontact system) into the vitreous cavity and retina. 24 This vantage point requires a clear cornea, an adequately dilated pupil, and a clear lens for maximum clarity. With this approach, the most anterior structure that can be visualized is usually the anterior retina close to the vitreous base. The endoscope view, on the other hand, uses a "side-on" approach, bypassing the anterior segment completely and offering a view that is approximately perpendicular to the visual axis (Fig. 1 ). As such, anterior pathology that is oriented anteroposteriorly, such as TRD in ROP, can be visualized more fully, potentially enabling more complete dissection of associated vitreoretinal traction.
Illumination: Transmitted Versus Reflected Light
With regular microscope visualization, the illumination and viewing angle are dissociated, as light is emitted from the endoilluminator where it is placed in the vitreous cavity, bounces off the ocular structures, and travels through the pupil and into the operating microscope where it is viewed. Thus, light is transmitted through the eye. The endoscope, on the other hand, allows for coaxial visualization as both the light emission and image capture occur at the same exact point at the endoscope tip. Thus, light is reflected back into the endoscope. This optical property causes transparent structures like the vitreous and the membranes to appear more opaque. This visual enhancement enables the surgeon to perform more precise and arguably safer vitreous and membrane dissection. 17, 24, 25 Figure 2 illustrates this phenomenon.
SURGICAL SETUP
The surgical setup consists of a standard vitrectomy machine with visualization enabled by endoscopy with or without a standard operating microscope. The authors utilize the Endo Optiks endoscope (with built-in diode laser), with the endoscope image projecting onto a monitor (Fig. 3) . The endoscope foot pedal enables both illumination control along with 810 nm endolaser laser delivery (Fig. 4) . The endoscope screen is positioned in front of the surgeon within the line of sight, with the aim of minimizing the amount of gaze and head movement required to switch between the microscope eyepiece and the endoscope monitor (Fig. 5) .
A standard 3-port vitrectomy is used, with an endoscope replacing the endoilluminator, providing illumination for both a standard microscope and endoscopic visualization. If a 23g endoscope is used, this can be inserted through a standard microcannula. Alternatively, 1 of the microcannulas can be replaced with an enlarged 20g or 19g sclerotomy to facilitate use of a corresponding endoscope.
CURRENT USE IN PEDIATRIC RETINAL DISEASE
Pediatric eyes are not just smaller but are also unique in their anatomy and physiology. 26 For example, in newborn eyes, though the axial length is 70% of the adult eye, the corresponding vitreous cavity volume is only 20% of the adult eye. 27 Thus, in infants, there is far less surgical space available for vitrectomy surgery. This is an important safety consideration, as the risk of intraoperative iatrogenic injury to the lens and retina is increased, which can lead to adverse outcomes. This is exemplified by a case series showing 100% surgical failure after iatrogenic retinal break in 6 eyes with ROP TRD. 28 Endoscopy reduces the risk of iatrogenic lens and anterior retinal trauma due to the unique surgeon's FIGURE 5. Both the microscope and endoscope are within easy line of sight of the surgeon. The surgeon turns his head minimally away from the microscope eyepiece to look at the endoscope monitor (situated below the standard microscope screen). In this case, the surgeon is set up on the temporal side of the patient's left eye with the assistant at the superior end. perspective of anterior retrolental and pars plicata/plana anatomy.
Vitrectomy visualization can either be with an endoscope alone or in combination with the microscope, with the latter enabling 2 perspectives during surgery. This optimizes the surgeon's visual perception and dissection of tissue planes, critical for surgical success in these eyes with zero tolerance for error.
There is limited data for endoscopic vitrectomy outcomes in pediatric cases. 6 In a 9-year series of 326 consecutive endoscopic vitrectomies performed by a single surgeon for a range of pediatric retinal diseases, there were good anatomic and visual outcomes. The surgical indication in 71% of cases was retinal detachment. Notably, the percentage of eyes with significant preoperative corneal opacification was 20%. Concurrent vitreoretinal procedures included silicone oil placement (48%), lensectomy (33%), retinectomy (29%), and scleral buckling (12%). Retinal reattachment was achieved in 65% of eyes with retinal detachment (RD) (113/174), and visual acuity improved in 21% of RD eyes versus 46% of non-RD eyes (P = 0.007). There was no significant difference (P = 0.64) in complication rates between eyes with or without anterior segment opacities. 29 Comparing the primary lensectomy rate in ROP TRD surgery, preliminary data from a recent national study in the United Kingdom of 51 consecutive ROP TRDs (stage 4A and 4B) showed 0% 23 using the combined endoscope and microscope approach, compared with up to 57% with the standard microscope approach alone. 21 In one study, 20 children underwent endoscope-guided ab interno scleral suture fixation of posterior chamber intraocular lens and this was found to be a helpful approach for visual rehabilitation (mean follow-up of 3 years). 30 Endoscopic vitrectomy has also been shown to be helpful in a case of MPPC syndrome (microcornea, posterior megalolenticonus, persistent fetal vasculature, and coloboma).
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Indications and Case Studies
TRD in ROP and FEVR
Both TRD in ROP and FEVR exhibit similar features with multiple vectors of transvitreal traction along with traction extending very anteriorly often precluding safe pars plicata sclerotomy. For the purpose of this paper, indications and case illustrations will be centered on ROP TRD, the surgical principles of which can be extended to FEVR.
Often, ROP TRD extends very anteriorly close to the pars plicata, preventing safe sclerotomy due to the risk of iatrogenic retinal break and thus surgical failure. As a result, primary lensectomy is required at a higher rate with a standard microscope technique. Endoscopy enables direct internal visualization and guidance of sclerotomy formation, thus minimizing the risk of iatrogenic retinal break. Case 1 illustrates this.
In ROP, TRD occurs due to the development of anterior preretinal and transvitreal traction, typically starting at the junction of vascularized and nonvascularized retina (ie, the ridge where stage 3 ROP was previously present). In stage 4A and 4B ROP (ie, macular-sparing and macular-involving TRD, respectively), up to 5 vectors of traction are well described (Fig. 6 ): ridge-toridge (transvitreal), ridge-to-disc, ridge-to-lens, ridge-to-vitreous base, and circumferential. Optimization of retinal reattachment requires adequate visualization of these vectors of traction for targeted dissection. The illumination properties of the endoscope are best suited for this compared with standard microscope viewing. Cases 2 and 3 illustrate this.
Case 1
A premature baby born at 24 weeks gestational age (GA) failed laser treatment for type 1 ROP and developed stage 4B ROP TRD in the left eye. Highly elevated temporal retinal detachment was present precluding safe sclerotomy due to the risk of iatrogenic retinal break with standard pars plicata microscope-guided trocar insertion technique, where the internal passage and exact point of entry of the tip of the blade through the pars plicata is not possible to visualize. Endoscopic visualization enabled a 23g microvitreoretinal (MVR) blade to be directly and carefully guided in the narrow gap between the lens and anterior TRD (Fig. 7) , avoiding damage to both tissues.
Case 2
A premature baby born at 23 weeks GA with birth weight (BW) of 725 g developed type 1 ROP requiring laser treatment at 37 weeks postmenstrual age. Stage 4A ROP TRD subsequently developed at 44 weeks postmenstrual age. Simultaneous microscope and endoscope visualization exemplify the difference in intraoperative visualization of multiple vectors of traction (Fig. 8) .
Case 3
A premature baby born at 26 weeks GA with BW of 870 g progressed to bilateral stage 4A ROP TRD despite laser treatment. This case illustrates how even in macula-sparing stage 4A ROP, traction can extend very anteriorly, in this case draping over and obscuring the pars plicata over 3 clock hours in the temporal retina. Comparison of simultaneous microscope and endoscope views exemplifies the contrasting surgical perspectives and ability to visualize traction (Fig. 9) .
Persistent Fetal Vasculature
In PFV where there is anterior and posterior involvement, TRD is attached to and can be drawn up the primary hyaloidal vessel stalk, with varying degrees of retrolental opacity. The unique intraocular side-on perspective of the endoscope enables potentially safer separation of the stalk from the back of the lens, minimizing the chance of causing lens damage in cases where the lens can still be safely preserved, as the exact position of the vitrector/scissors relative to the lens can be directly visualized. In addition, the endoscope facilitates clearer visualization of where the retina ends along the hyaloidal stalk, delineating a safe zone anterior to this to transect the stalk and minimizing the risk of iatrogenic retinal break.
Bypassing Corneal Opacities
Children can develop a range of corneal opacities from congenital or acquired causes, including trauma, anterior segment dysgenesis, glaucoma, and previous surgery. These can be associated with vitreoretinal pathology, such as traction or rhegmatogenous retinal detachment and endophthalmitis. Additionally, significant corneal edema can develop intraoperatively in normal corneas where a limbal approach is required, particularly in longer complex surgeries, to an extent that it obscures microscope visualization. Endoscopy is an invaluable tool for bypassing anterior segment opacities to enable timely potentially sight-saving vitrectomy surgery.
Visualization of Ciliary Body Pathology
Endoscopy is useful for visualizing ciliary body-related pathologies, such as cyclitic membrane formation (also known as anterior loop traction) in uveitis and penetrating trauma, which can lead to reduction in aqueous production and hypotony. Endoscopy can enable removal of cyclitic membranes, which done early enough before ciliary body atrophy can potentially improve or treat tractional hypotony.
Limitations and Learning Curve
The main limitations of the endoscope, with tips to overcome the learning curve, are as follows ( (Fig. 2) looking at the posterior pole, either the superior or inferior retina can be oriented at the 12 o'clock position depending on the surgeon's preference. 3. Dissociation of hand movement from line of vision: As the surgeon is looking at a screen rather than directly at the surgical field, as is normally the case with an operating microscope, there is dissociation between the surgeon's line of vision and location of surgical manipulation, which requires relearning of surgical hand-eye coordination. Tips to overcome this are as follows: 1) always set up a standard wide-angle microscope where there is a clear view through the optical media to allow the surgeon to have greater appreciation of the 3D spatial relationships and regain orientation more quickly as needed and 2) practice with a model eye with both the endoscope and microscope. 4. Device limitations: Some procedures require bimanual instrumentation and endoscopy vitrectomy is currently not able to support this. In phakic eyes, the peripheral view in areas diametrically across from the endoscope sclerotomy site is limited unless a curved endoscope probe is used, which adds a fourth axis of endoscope movement (Table 2) . Thus, in phakic eyes where this is important, either a second endoscope port is made or the microscope view with a wide-angle lens may be required.
CONCLUSIONS
Pediatric retinal diseases involve a range of vitreoretinopathies that are to some degree different from adults, with a higher proportion of complex and challenging TRDs, such as in acute ROP and FEVR.
Overall, vitrectomy surgery in pediatric retina is higher risk than in adults, due to a combination of zero tolerance for iatrogenic retinal injury in young children, operating in smaller spaces, unusual anatomy, and the difficulty of visualizing the full extent of anterior pathology.
Endoscopy is a unique and useful adjunct to regular microscope viewing systems as it enables improved surgical access to difficult-to-reach and visualize anterior areas such as the pars plicata, retroirideal, and retrolental structures, along with optimizing visualization of transvitreal traction, with a particular role in ROP and FEVR.
